Key points
==========

The specific mechanisms by which fine-scale structures within the heart may interact with complex excitation wavefronts during cardiac arrhythmias to increase their stability, and how this interaction may differ between species are currently incompletely understood.Computational models provide an important basic science tool in mechanistic arrhythmia enquiry. Recent advances in cardiac imaging have allowed the generation of highly anatomically detailed computational ventricular models including fine-scale features such as blood vessels and endocardial structures.Using such an anatomically detailed MR-derived rabbit ventricular model, in conjunction with a simplified equivalent model, we assessed the role played by fine-scale anatomy in the sustenance of different types of simulated arrhythmias.Our simulation results suggest that, in the rabbit, anatomical structures such as the vasculature and endocardial structures play little role in the maintenance of cardiac arrhythmias, although their role becomes marginally more important with increasing arrhythmia complexity.Consequently, in the rabbit, constructing computational models which represent the vasculature and endocardial structures may not be necessary for mechanistic investigation of arrhythmia maintenance.

Introduction
============

Sudden cardiac death resulting from reentrant ventricular arrhythmias remains a leading cause of mortality in Western society. Despite recent advances in our understanding of these pathological events, many issues relating to their fundamental mechanisms currently remain unknown. Specifically, how the reentrant electrical wavefronts underlying these arrhythmias are maintained and stabilised, and the potential mechanistic role anatomical structures play in this are not comprehensively understood. Acquiring such knowledge could provide future therapeutic targets to guide the refinement of existing, or development of novel, anti-arrhythmia treatments. Computational modelling has, for many years, provided a valuable basic science tool in the study of the highly complex nature of cardiac arrhythmias. The major advantage of models for such enquiry is their ability to investigate fully 3D multi-parametric information about these phenomena, unattainable from experiments and the clinic. However, until very recently, models have not contained sufficient anatomical detail to allow investigation of the role played by fine-scale anatomical structures in different aspects of cardiac function.

Early computational models simulated the spatio-temporal activation patterns during arrhythmias over highly simplistic 2- and 3D regular geometries. These pioneering investigations elucidated fundamental understandings of arrhythmia mechanisms including their spiral wave nature ([@b44]; [@b46]; [@b5]) and how the organising centres of these complex episodes (termed filaments) can be identified and their interaction quantified ([@b17]; [@b19]; [@b13]; [@b14]). More realistic representations of gross cardiac bi-ventricular geometry were then developed for various different species, including human, and used to assess how the non-linear behaviour of electrical waves during arrhythmias interacts with the ventricular walls and septum ([@b41]; [@b25]; [@b43]; [@b62]; [@b52]; [@b15]), helping to sustain reentry. The ventricular models used in these studies did not include fine-scale endocardial or intramural structures, representing only bulk, smoothed myocardial walls. However, anatomically realistic representations of cardiac fibre structure were incorporated and shown to play an important role in destabilising arrhythmias ([@b62]).

Previous theoretical analysis of generic excitable media ([@b45]) and experimental measurements from cell cultures ([@b28]) have demonstrated how spiral waves can become 'pinned' to unexcitable obstacles. Furthermore, numerous recent experimental animal investigations have demonstrated that distinct anatomical features (such as papillary muscle insertion sites, endocardial trabecular invaginations and large subepicardial blood vessels) play an important role in stabilising reentrant arrhythmias ([@b46]; [@b26]; [@b55], [@b56]; [@b39]). Such anatomical features are thought to provide a substrate which attracts and anchors rotors due to conduction slowing around abrupt changes in fibre orientation near the obstacles or due to current source--sink effects. These studies relied, however, on surface measurements of wavefront dynamics (primarily optical mapping), often correlating the location of apparent anchoring of rotors with follow-up histological analysis; thus, importantly, the full 3D intramural activity, known to be highly complex, was not directly probed. The vast majority of these investigations were also performed in larger animal models (chiefly swine and dog) whose arrhythmia dynamics (the spatial/temporal behaviour, organisation and patterns of excitation wavefronts during arrhythmia episodes) are suggested to be driven by a significantly larger number of reentrant sources than in the human or rabbit ([@b42]; [@b15]; [@b53]). Furthermore, recent human modelling studies have generally used smoothed, anatomically simplified representations of gross cardiac biventricular geometry ([@b52]), derived from relatively low-resolution clinical imaging data. Nonetheless, such investigations have shown a very close match in both quantitative and qualitative arrhythmia dynamics with clinical measurements of ventricular fibrillation (VF) obtained from epicardial recordings of wavefront patterns via surface electrodes ([@b34]; [@b35]). Therefore, the mechanistic role played by fine-scale anatomical structures during reentrant activity, particularly in the human and small animals, requires further investigation.

Enquiry into the importance of finer anatomical structures during reentrant arrhythmias has recently been made possible through significant advances in cardiac imaging techniques, which have elucidated a wealth of detailed information regarding intact anatomical structure during physiological and pathological states ([@b23]; [@b47]). The acquisition of such high-resolution data have presented corresponding opportunities to construct whole-ventricular ([@b47]; [@b72]) and wedge ([@b23], [@b6]) computational models with unprecedented levels of anatomical detail. However, generating these high-resolution computational models, including, for example, the complex network of endocardial structures, the coronary (micro-)vasculature tree, as well as collagen/connective tissue distributions and cardiac sheet structure, represents a significant technical challenge ([@b47], [@b49]). Once generated, the next challenge is their utilisation within high-performance computing (HPC) facilities in simulations of electrophysiological function within reasonable time frames ([@b38]). Overcoming these challenges is vitally important in order to fully understand the relative role of fine-scale anatomical structures in different aspects of cardiac function. As a consequence, such analysis will also allow optimisation of the level of anatomical detail required within models in order to address a particular research question.

Elucidating the role which fine-scale anatomical features (such as endocardial structures and blood vessels) play in the maintenance of reentrant arrhythmias will provide an important increase in the level of our understanding of these pathological events. Here, we perform such an investigation in the rabbit ventricles. To do so, a thorough analysis of arrhythmia dynamics simulated in a high-resolution MR-derived anatomically complex rabbit ventricular model is conducted and compared with arrhythmias simulated in a simplified model. The simplified model importantly lacks all fine-scale endocardial and intramural structural details, and is of similar anatomical complexity to clinical and previously used animal ventricular models. Both relatively organised reentrant tachyarrhythmias, in addition to more disorganised fibrillatory conditions, are simulated in the models through variation of electrophysiological model parameters. In each case, a thorough quantitative and qualitative assessment is made as to how the presence (or absence) of fine-scale anatomical features impacts the maintenance of arrhythmias.

Methods
=======

Anatomical finite element models
--------------------------------

All simulation protocols were performed on two separate finite element rabbit whole-ventricular models, differing in their respective degree of anatomical complexity: complex model -- a highly anatomically complex model generated directly from high-resolution (25 μm) MR data and including a wealth of fine-scale structural features such as blood vessels, extracellular cleft spaces, endocardial trabeculations and papillary muscles, developed in a previous study from our group ([@b7]); simplified model -- a simplified-equivalent model, based on the same MR data as the complex model (and thus maintaining a similar overall bi-ventricular geometry), but with all endocardial structures removed and intramural cavities filled-in during the model generation process. The simplified model thus maintains a similar degree of anatomical detail to the vast majority of both clinically derived human ([@b52]; [@b37]) and widely used animal ventricular models used in previous simulation studies of cardiac electrophysiological behaviour ([@b41]; [@b43]; [@b62]; [@b15]).

Both models, shown in [Fig. 1](#fig01){ref-type="fig"}, have a mean finite element edge length of approximately 120 μm and 4.2 million node points constituting 24 million tetrahedral elements. Thus, both of our models are at a much higher spatial resolution than the majority of previously used animal and clinical models where approximately 250 μm resolution is the norm. A perfusing extracellular bath of bounding-box dimensions approximately 25 × 25 × 30 mm surrounds both models and also fills ventricular and, in the case of the complex model, intramural cavities.

![MR-derived rabbit ventricular models used\
Complex model (left) containing fine-scale anatomical features such as blood vessels, papillary muscles and trabeculations, and simple model (right) with such fine-scale features removed. Also shown in simplified model is the square epicardial field-of-view (FOV) used to count wavefront numbers.](tjp0590-4515-f1){#fig01}

Simulating electrical activation
--------------------------------

Electrical activation throughout the ventricular model was simulated using the bidomain equations ([@b22]), the implementations of which have been described previously ([@b57]). During certain protocols it was preferable to represent the cardiac tissue as a single conducting domain, whereby the bidomain equations are reduced to the monodomain equation and the harmonic mean conductivity tensor used to match bidomain conduction velocities ([@b7]).

Cellular ionic dynamics, defining the total membrane current, were represented by a recent rabbit ventricular cell model ([@b32]). Ionic model parameters were initially left at their default values for arrhythmia simulation which led to the induction of arrhythmias with tachycardia-like complexity. Such arrhythmias were characterised by visually less disorganisation in the spatio-temporal wavefront dynamics and will be referred to here as tachyarrhythmias.

In addition, action potential duration (APD) was decreased in the ventricular cell model through a slight modification of the parameter controlling the recovery from inactivation of the L-type calcium channel, which controls restitution and spiral-wave stability without significantly impacting action potential morphology ([@b31]). The parameter, termed R(V) in the [@b31] model, was multiplied by a factor of 5. Such a modification resulted in wavefronts which were characterised by visually higher disorganisation in their spatio-temporal dynamics than during tachyarrhythmias (for example a higher number of smaller, isolated wavefronts which broke up more frequently and showed less repeatable pathways), and will be referred to here as fibrillatory arrhythmias. Intra- and extracellular conductivities were based on those of [@b50], adjusted to reduce conduction velocity in all directions by 25% to replicate the slowed conduction during heart failure ([@b3], [@b2]; [@b54]; [@b36]; [@b51]), which in the rabbit has been attributed to down-regulation of connexin-43 ([@b1]). Such a reduction in activation wavelength is also commonly used in experimental studies through either the use of pharmacological uncoupling agents (such as 2,3-butanedione monoxime (BDM); [@b30]) or the use of flecainide to slow conduction ([@b27]) due to the widely reported difficulties in successfully sustaining reentrant activity in otherwise healthy rabbit ventricles ([@b33]; [@b12]; [@b30]). Such a reduction in CV thus not only allowed simulation of more clinically relevant arrhythmia behaviour during heart failure, but also allowed sustained arrhythmias to be induced, and facilitated comparison with previous experimental studies. Conductivity of the extracellular bath was 1.0 S m^−1^ (isotropic).

The bidomain and monodomain equations above were solved with the finite element method within the Cardiac Arrhythmia Research Package (CARP) ([@b58]), the underlying numerical details of which have been described extensively elsewhere ([@b48], [@b47]; [@b57]).

Simulation protocol
-------------------

Episodes of arrhythmias were induced within both complex and simplified models using an S1--S2 stimulation protocol. Prior to arrhythmia induction, both models underwent a preconditioning phase constituting eight pacing stimuli applied to a site on the right ventricle (RV) free wall close to the apex (of strength 0.005 μA cm^−3^, duration 1 ms) at a basic cycle length of 240 ms to ensure steady-state. At a variable coupling interval (CI) following the final pacing stimulus (when the recovery isoline was approximately mid-way between apex and base) the S2 shock (of strength \<2 V cm^−1^, 5 ms duration) was applied via a plate-electrode set-up at the edges of the surrounding bath, as used previously ([@b7], [@b9]). Post-shock activity was simulated for a total of 2500 ms for each episode. In all, 13 different episodes of arrhythmias were induced in both models through using CIs between 180 and 240 ms in 5 ms increments. A monodomain representation was used for preconditioning and post-shock simulation, with a full bidomain representation used for simulation of S2 shock delivery and the 5 ms of activity immediately following the shock. Simulation states were check-pointed and restarted to switch between monodomain and bidomain simulation environments, as used previously ([@b9]).

Quantitative arrhythmia analysis
--------------------------------

### Arrhythmia durations

Total durations of arrhythmias were defined as the time from shock induction (shock-end) to that time at which all wavefront activity within the model was eliminated, i.e. all nodes having transmembrane voltage (*V*~m~) levels \<−80 mV. Only the first 1.5 s of activity was quantitatively analysed; the following 1 s was simulated only to obtain a more accurate measure of arrhythmia durations.

### Filament analysis

Filaments are the organising centres of reentrant activity and can be thought of as the 3D analogue of the centre of spiral waves (phase singularities). The algorithm used for filament detection and the methods for identifying individual filaments in space and tracking their dynamics in time were based upon previous studies ([@b17]; [@b13]; [@b52]), adapted for use on unstructured finite element meshes used in this study, as detailed previously ([@b9]). Throughout each simulation, all filament interactions (birth, death, division and amalgamation) were recorded along with total filament numbers and mean lengths at each time step. Total filament interaction rate was defined as the sum of the birth, death, division and amalgamation rates. The intersections of filaments with epicardial triangles within the model were identified and counted as unique surface phase singularities.

### Wavefront analysis

Images of *V*~m~ distributions over the entire posterior epicardial surface were obtained at 1 ms intervals throughout the duration of the arrhythmias. The images, which had an intensity-based colour (grey) scale were then cropped to select only a square region (dimension 1 × 1 cm) representing the typical FOV in an optical mapping experiment, shown in [Figure 1*B*](#fig01){ref-type="fig"}. Intensities of voxels within the image were then translated from *V*~m~ to represent phase (θ), using the time-delay method ([@b14]) with an optimised delay of 2 ms and a potential reference of −20 mV. A threshold of π/2 --π applied to the phase map selected only points undergoing depolarisation, thus delineating wavefronts within the image. Application of a connected component algorithm to the threshold image was then used to identify the number of individual, connected wavefronts present within each mapped epicardial window at each time step, thus denoting the number of epicardial surface wavefronts.

### Electrocardiograms

Pseudo-electrocardiogram (ECG) traces were computed as bipolar extracellular electrograms by subtracting two unipolar electrograms, measured with an Einthoven configuration, approximated by a lead configuration used previously ([@b8]). Dominant frequencies (DFs) were calculated directly from pseudo-ECG traces following preprocessing with a fast fourier transform. As used here, the DF measure represents the frequency of the largest amplitude peak in the pseudo-ECG signal spectrum.

### Activation rate calculation

Activation rates were derived individually for each node in the mesh by calculating the number of full depolarisations of membrane potential occurring during each arrhythmia episode.

### Statistical analysis

Throughout, unless otherwise specified, data are presented as means ± standard deviation. Student\'s *t* test for unpaired data was used to test statistical significance between quantitative arrhythmia dynamics of anatomically complex and simplified models. Throughout individual arrhythmia episodes, maximum numbers of filaments, surface phase singularities and wavefronts occurring at any one time frame (1 ms) were also recorded. Average maximum values over all 13 episodes were then calculated, in addition to the average mean numbers for each episode.

Results
=======

Dynamics of simulated tachyarrhythmias
--------------------------------------

Post-shock activity was simulated following 13 different shock-induction episodes with CIs between 180 and 240 ms for both anatomically complex and simplified models. Cellular ionic dynamics within the rabbit ionic model ([@b32]) were initially left unaltered at the default values. This allowed successfully induced episodes of arrhythmias to be obtained for all 13 cases, with characteristic visual complexity of that of tachyarrhythmias.

### Qualitative analysis of wavefront dynamics

[Figure 2](#fig02){ref-type="fig"} shows qualitative analysis of the evolution of simulated activation wavefronts over a 1000 ms period for an arrhythmia with CI = 210 ms in both the anatomically complex (top panel) and simplified (bottom panel) models. As can be seen from the figure, the fundamental patterns and dynamics of the arrhythmias are very similar between both models, in terms of the number of wavefronts present, and their respective activation wavelengths and trajectories. In each case, the arrhythmias appear to be driven by a large rotor on the posterior epicardial surface rotating in a clockwise direction and causing successive sweeping wavefronts to wrap around the RV free wall in the posterior--anterior direction. The septum is also seen to play an important role here, depending on the relative state of the arrhythmia and the respective refractoriness of the septum: either two wavefronts (originating from the anterior and posterior sides of the ventricles) propagate down the septum towards one another and collide (complex panel image 1000 ms, simple panel 400 ms image), or else unidirectional propagation occurs, with the septal wavefront breaking out onto the anterior/posterior walls in advance of the main propagating epicardial wavefront, causing collision and at times wavebreak upon interaction (see Supplemental Movies of arrhythmias). Importantly, as evidenced in both [Figure 2](#fig02){ref-type="fig"} and the Supplemental Movies, the additional anatomical complexity of the complex model is not visually seen to significantly alter the model\'s behaviour during arrhythmias; no anchoring or pinning of reentrant cores is apparent. Although each arrhythmia episode was very different due to their inherent chaotic nature, corresponding similarities to those described above between complex and simplified models were seen through all episodes, each of which can be viewed as a movie in the Supplemental Material.

![Wavefront dynamics during an arrhythmia episode (CI = 210 ms) in the anatomically complex (top) and simplified (bottom) models\
Posterior (upper) and anterior (lower) epicardial views are shown, with clipping planes exposing intramural and endocardial activation in an inclined posterior view (centre).](tjp0590-4515-f2){#fig02}

### Quantitative analysis of global metrics

Overall, there was no significant difference in the duration of the sustained simulated arrhythmias between each model. The mean arrhythmia duration was 1248 ± 430 ms in the complex model, compared to 1288 ± 547 ms -- all episodes self-terminated within \<2500 ms. Furthermore, both models had the same numbers of short-lived (\<750 ms, 3 each) and long-lived (\>1750 ms, 3 each) arrhythmia episodes.

The bipolar pseudo-ECG recordings also appeared very similar between models, as demonstrated in [Fig. 3](#fig03){ref-type="fig"}, which plots the lead I pseudo-ECG trace for the complex (red) and simplified (blue) models over the duration of the arrhythmia episodes with CI = 185 ms. Although the complex model pseudo-ECG does appear to be slightly less smooth in places than the simplified model, overall the morphology of the traces are very similar indeed and produced similar DFs, both being 5.33 Hz. Such a similarity in DFs between models was also witnessed throughout all induced arrhythmia episodes with the mean DFs of lead I traces over all episodes being 4.84 ± 0.65 Hz for the complex model, compared to 5.06 ± 0.28 Hz for the simplified model.

![Bipolar pseudo-ECG recordings from lead I during arrhythmia episode with CI = 185 ms for complex (red) and simple (blue) models.](tjp0590-4515-f3){#fig03}

### Quantitative analysis of 3D intramural metrics of complexity

Although qualitative analysis of the wavefront dynamics and global metrics revealed little differences between anatomically complex and simplified models, a detailed quantitative analysis of metrics relating to localised 3D intramural activity highlighted a number of distinct and important differences.

*Filament numbers*. [Figure 4*A*](#fig04){ref-type="fig"}, top, plots the variation in the total number of filaments over the duration of simulated arrhythmia episodes with CI = 185 ms in the complex (red line) and simple (blue line) models. Note, the complex model episode was sustained for \>1500 ms, whereas the simple model episode terminated after approximately 1300 ms. Here, we can clearly see that the complex model episode consistently produces a larger number of individual filaments over the duration of the arrhythmia than the simplified model. The mean number of filaments at each time frame during which the arrhythmia was sustained was 5.95 (with a maximum at any one frame of 17) in the complex model, compared to 4.04 (max 10) in the simple model. This difference was even more noticeable when averaging over all 13 episodes, shown in the lower panel of [Fig. 4*A*](#fig04){ref-type="fig"}, with the complex model having an average number of filaments of 5.09 ± 1.15 (with an average number of maximum filaments occurring in any one frame over all episodes being 16.9 ± 2.00), compared to that of the simple model being 3.09 ± 0.70 (max 9.77 ± 1.83), a statistically significant difference for both mean and max (*P* \< 0.0001).

![Quantitative analysis of 3D complexity metrics\
Top panels, total number of filaments for episode CI = 185 ms (*A*), epicardial surface phase singularities for episode CI = 185 ms (*B*), and surface wavefronts within selected FOV (shown in [Fig. 1](#fig01){ref-type="fig"}) for episode CI = 195 ms (*C*), plotted over entire arrhythmia duration for complex (red) and simple (blue) models. Bottom panels, mean (left) and max (right) numbers of above plotted quantities averaged over all 13 arrhythmia episodes.](tjp0590-4515-f4){#fig04}

As the anatomically complex model has a larger tissue volume (represented chiefly by the papillary muscles), we also quantified (for the complex model) the mean number of filaments over all episodes which had more than 50% of their total length within a papillary muscle: over all episodes the mean number of such papillary filaments was 0.26 (max 4.08). This thus suggests that, although they represent a contributing factor, the additional endocardial structures were not the main source of the additional filament numbers seen in the complex model.

*Filament interactions*. The large difference in filaments numbers between models seen above was also paralleled by statistically significant differences in other metrics which quantify filament dynamics and interactions. For example, over all 13 arrhythmia episodes, the complex model showed a significantly higher total interaction rate (1.11 ± 0.26 ms^−1^) than the simple model (0.30 ± 0.05 ms^−1^, *P* \< 0.001), with a larger total filament production rate being 0.53 ± 0.13 ms^−1^ compared to 0.14 ± 0.03 ms^−1^ (*P* \< 0.001), respectively. Consequently, the mean lifetimes of filaments was also significantly smaller in the complex model (9.11 ± 0.76 ms) compared to the simple model (20.0 ± 2.0 ms, *P* \< 0.0001). However, importantly, the average maximum filament lifetime of any filament during each arrhythmia episode was similar between models, being 223 ± 76 ms and 254 ± 92 ms in the complex and simplified models, respectively.

*Filament lengths*. The mean length of all filaments existing within the models at each time frame, averaged over all episodes, was consistently significantly shorter in the complex (109.6 ± 17.8 elements) compared to the simple (151.9 ± 22.1) model (*P* \< 0.001). However, the average maximum length of filament at each time frame over all episodes was similar in both models, being 244 ± 52 and 247 ± 38 elements in the complex and simplified models, respectively.

### Quantitative analysis of 2D surface metrics of complexity

Although the above analysis of intramural filament dynamics appeared to suggest significant differences between the two models, this is at odds with the global analysis in the first section, which showed very close similarities in wavefront patterns and pseudo-ECG frequencies. To further investigate this, in [Fig. 4*B* and *C*](#fig04){ref-type="fig"} top panels we plot the variation in the number of total epicardial surface phase singularities and the number of individual wavefronts within an epicardial window over the duration of the simulated arrhythmia episodes with CI = 185 ms and CI = 195 ms, respectively, for the two models. The two plots show that both models maintain very similar numbers of surface phase singularities and wavefronts throughout the duration of the arrhythmias: the complex model had an average (over the arrhythmia duration) of 2.89 phase singularities (max 10) and 0.77 individual wavefronts (max 4), compared to 3.18 (max 11) and 0.52 (max 4), respectively in the simplified model. This similarity is further witnessed when observing the averages of these quantities over all 13 episodes, shown in the lower panels of [Fig. 4*B* and *C*](#fig04){ref-type="fig"}, suggesting that the underlying arrhythmia complexity is indeed similar in both models.

### Correlation with anatomical structures

In order to investigate the potential interaction between anatomical structures and the individual wavefronts during simulated arrhythmias (which were not evident visually in [Fig. 2](#fig02){ref-type="fig"} or the Supplemental Movies), [Fig. 5](#fig05){ref-type="fig"} plots the spatial variation in mean activation rate (see the section *Activation rate calculation*), averaged over all 13 arrhythmia episodes, of each node point within the finite element models. Although minor differences are apparent between models, over all, both models produce similar spatial distributions of activation rates, with higher rates being concentrated in the basal left ventricle (LV), perhaps due to the higher tissue volume in this region, with the apical RV showing lower rates.

![Spatial distribution of mean nodal activation rate (activations s^−1^), averaged over all 13 arrhythmia episodes, within the entire volume of the ventricles\
Plots are shown on anterior/posterior epicardial surfaces and posterior views where longitudinal/transverse clipping planes have been used to allow endocardial surfaces to be viewed.](tjp0590-4515-f5){#fig05}

To investigate how the filaments themselves interact with the model anatomy, [Fig. 6](#fig06){ref-type="fig"} now plots the spatial distribution of all filament trajectories over the total duration of all simulated arrhythmia episodes. Here, the cumulative number of milliseconds in which a given element within the finite element model was associated with part of a filament is summed up for all 13 episodes and plotted, allowing localisation of filaments within particular regions throughout the volume of the ventricles to be assessed.

![Spatial distribution of the cumulative temporal filament count, within the entire volume of the ventricles, accumulated over all 13 arrhythmia episodes for complex (top) and simple (bottom) models\
Plots are shown on anterior/posterior epicardial surfaces (right panel) and posterior views where longitudinal (top panel) and short-axis (bottom panel) clipping planes have been used to allow endocardial surfaces and intramural distributions to be viewed at different clipping locations through the ventricles.](tjp0590-4515-f6){#fig06}

[Figure 6](#fig06){ref-type="fig"} shows that, in both models, the filaments take a variety of trajectories, although, in line with the findings in [Fig. 5](#fig05){ref-type="fig"}, much of the activity preferentially takes place in the LV. One important difference is the appearance of slight 'hot spots' of filament activity, highlighted by pink arrows in the figure, which are seen more frequently in the complex model, primarily close to the endocardial surface in the neighbourhood of papillary muscle and large trabeculae insertion sites. However, an additional occurrence of such a hot spot is also seen close to the septal junction with the posterior free-ventricular wall which is also present in the simplified model (visible in short-axis clipping-plane images).

Dynamics of simulated fibrillatory arrhythmias
----------------------------------------------

Cellular ionic dynamics were then altered, as described in the section *Simulating electrical activation*, to induce more sustained spiral-wave break-up and arrhythmias with a more complex, VF-like visual appearance. Overall, this led to arrhythmias being sustained for significantly longer durations than in the case of tachyarrhythmias.

### Qualitative analysis of wavefront dynamics

[Figure 7](#fig07){ref-type="fig"} analyses the activation wavefront dynamics of the simulated arrhythmias with CI = 225 ms over 1300 ms duration in both models. Firstly, in both models, the wavefront patterns during fibrillatory activity shown in [Fig. 7](#fig07){ref-type="fig"} appear qualitatively more disorganised than those in [Fig. 2](#fig02){ref-type="fig"} for tachyarrhythmia activity. Many more individual wavefronts are seen to exist throughout the volume of the ventricles, which have a higher instance of wavebreak and move with shorter wavelengths in less repeatable trajectories. Despite this increased complexity, though, as is particularly evident by the Supplemental Movies, a degree of periodicity and organisation still exists in the wavefront patterns.

![Wavefront dynamics in the complex (top) and simplified (bottom) models during an arrhythmia episode (CI = 225 ms) with fibrillatory dynamics\
Posterior (upper) and anterior (lower) epicardial views, with intramural and endocardial activation exposed in an inclined posterior view (centre).](tjp0590-4515-f7){#fig07}

During tachyarrhythmia activity the wavefront dynamics in [Fig. 2](#fig02){ref-type="fig"} appeared visually very similar between complex and simplified models. However, during fibrillatory activity there appears subtle differences between the wavefront dynamics shown in the snap-shots of [Fig. 7](#fig07){ref-type="fig"} between models, specifically the number of individual wavefronts and the instances of wavebreak appearing marginally higher in the complex model. Again, this trend for this episode pair, as well as others, is also visible in Supplemental Movies.

### Quantitative analysis of global metrics

Overall, the simulated arrhythmias within the complex model were sustained for slightly longer durations than in the simplified model; eight episodes were fully sustained (did not self-terminate within the full 2500 ms simulation time) in the complex model, compared to five in the simplified case, whilst the simplified model had a larger number (seven) of short-lived episodes \<750 ms, compared to three in the complex model case. As a result of many episodes in both models being fully sustained, calculating mean arrhythmia durations was not possible.

However, as during tachyarrhythmias, the bipolar pseudo-ECG recordings appeared very similar between models, as demonstrated in [Fig. 8](#fig08){ref-type="fig"}, which plots the lead II pseudo-ECG traces over the duration of the arrhythmia episodes with CI = 200 ms. Although, in places the complex model pseudo-ECG does again appear slightly less smooth than the simple model pseudo-ECG, the two traces have similar DFs, being 8.67 Hz and 7.33 Hz. For all 13 arrhythmia episodes, mean DFs were also similar between models, being 6.36 ± 2.11 Hz and 6.05 ± 2.24 Hz, respectively.

![Bipolar pseudo-ECG recordings from lead II during arrhythmia episode with CI = 200 ms for complex (red) and simple (blue) models.](tjp0590-4515-f8){#fig08}

### Quantitative analysis of 3D intramural metrics of complexity

Here, as in the section *Quantitative analysis of 3D intramural metrics of complexity*, we now conducted a detailed quantitative analysis of metrics relating to localised 3D intramural activity to further investigate differences in arrhythmia dynamics between models.

*Filament numbers*. [Figure 9*A*](#fig09){ref-type="fig"} shows how the total number of filaments varies over the duration of arrhythmia episodes with CI = 225 ms in the complex (red line) and simple (blue line) models. As in the case of the tachyarrhythmias in [Fig. 4*A*](#fig04){ref-type="fig"}, the complex model episode consistently produces a larger number of individual filaments, although this appears now to be further amplified in this fibrillatory state. Such a significant trend was witnessed throughout all 13 episodes, with the mean filament number per episode being 9.96 ± 2.60 (max 26.40 ± 5.42) in the complex model, compared to 4.85 ± 2.95 (max 12.15 ± 6.73) in the simplified model (*P* \< 0.0001). As before, the mean number of filaments per episode that had 50% or more of their length within a papillary muscle was also quantified, here found to be 0.49 (max 4.62), again demonstrating that the increased number of filaments in the complex model was not due to the increased tissue volume represented by the papillaries.

![Quantitative analysis of 3D complexity metrics during fibrillatory activity\
Top panels, total number of filaments for episode CI = 225 ms (*A*), epicardial surface phase singularities for episode CI = 220 ms (*B*), and surface wavefronts within selected FOV (shown in [Fig. 1](#fig01){ref-type="fig"}) for episode CI = 225 ms (*C*) plotted over entire arrhythmia duration for complex (red) and simple (blue) models. Bottom panels, mean (left) and max (right) numbers of above plotted quantities averaged over all 13 arrhythmia episodes.](tjp0590-4515-f9){#fig09}

*Filament interactions*. The significant difference in filaments numbers between models seen above was again also witnessed in large differences in other filament dynamics metrics, with the complex model showing significantly higher total interaction rates (1.65 ± 0.39 ms^−1^ *versus* 0.31 ± 0.19 ms^−1^, *P* \< 0.0001), higher filament production rates (0.79 ± 0.19 ms^−1^ *versus* 0.14 ± 0.09 ms^−1^, *P* \< 0.0001), and shorter filament lifetimes (11.94 ± 0.63 ms *versus* 28.20 ± 7.57 ms, *P* \< 0.0001). However, as was found during the tachyarrhythmia episodes, the average maximum filament lifetime of any filament during each arrhythmia episode was similar, being 303 ± 75 ms and 278 ± 152 ms in the complex and simplified models, respectively.

*Filament lengths*. As in the case of tachyarrhythmias, the complex model is again seen to produce filaments with a significantly smaller mean length than the simple model. Over all episodes, however, this difference is even greater than for tachyarrhythmias with the complex model filaments having less than half the mean length of those of the simple model (95.3 ± 14.8 *versus* 202.2 ± 59.1, *P* \< 0.0001) and a smaller average maximum filament length (255.6 ± 45.3 *versus* 355.6 ± 69.4, *P* \< 0.0005).

### Quantitative analysis of 2D surface metrics of complexity

Analysis of epicardial wavefront and phase singularity numbers during simulated tachyarrhythmias above revealed close similarities between the two models, despite significant differences in intramural filament numbers and dynamics. In the case of fibrillatory activity, however, [Fig. 9*B* and *C*](#fig09){ref-type="fig"}, which plot the number of epicardial phase singularities and wavefronts during arrhythmia episodes with CI = 220 ms and CI = 225 ms, respectively, shows the arrhythmia dynamics of the epicardial surface appearing slightly more disorganised in the complex model, with more phase singularities and wavefronts over the duration of the arrhythmia than the simplified model. This trend is emphasised in the lower panels of [Fig. 9*B* and *C*](#fig09){ref-type="fig"}, which show that over all 13 episodes the complex model appears to produce arrhythmias with significantly higher numbers of epicardial phase singularities (mean 5.65 ± 1.66, average maximum number at any one time 18.54 ± 4.40) and epicardial surface wavefronts (mean 1.14 ± 0.32, average maximum number at any one time 5.85 ± 1.14) compared to the simple model (phase singularities: 3.79 ± 2.95 (*P* \< 0.05), max 11.23 ± 5.86 (*P* \< 0.002); epicardial wavefronts 0.77 ± 0.45 (*P* \< 0.05), max 4.31 ± 1.44 (*P* \< 0.01)). Note, though, that the higher *P* values here indicate less strong statistical significance than elsewhere in the study. In addition, due to the fact that a large number of arrhythmia episodes in the simplified model (7) were sustained for \<750 ms, the above analysis was repeated, this time excluding such short-lived episodes in both models. Although the complex model still showed a larger number of phase singularities (5.95 ± 1.72 *versus* 5.41 ± 2.68) and surface wavefronts (1.24 ± 0.28 *versus* 1.04 ± 0.50) than the simplified model, this difference was no longer statistically significant at the 5% level.

### Correlation with anatomical structures

[Figure 10](#fig10){ref-type="fig"} plots the spatial variation in mean activation rate (averaged over all 13 arrhythmia episodes) at each node within the finite element models. Here, we can see that both models again show similar activation rate maps, as witnessed previously during tachyarrhythmias. However, importantly here, such a close match was only obtained through using a colour-bar scale with slightly higher limits in the complex model (5.5 − 8 s^−1^) to those used in the simple model (4 − 7 s^−1^), indicating an overall marginal increase in activation rate of all regions of the ventricles in the anatomically complex model.

![Spatial distribution of mean nodal activation rate (activations s^−1^), averaged over all 13 arrhythmia episodes, within the entire volume of the ventricles for fibrillatory activity with similar viewing angles to [Fig. 5](#fig05){ref-type="fig"}.](tjp0590-4515-f10){#fig10}

[Figure 11](#fig11){ref-type="fig"} now plots the spatial distribution of all filament trajectories over the total duration of all arrhythmia episodes. Note that in this case, due to the fact that the arrhythmias of the simple models were typically sustained for shorter durations than the complex model episodes, the time scales on the colour bars have also been adjusted between the two models. Firstly, we notice the existence of far more filament trajectories, particularly on the epicardium in both models, relative to the case of tachyarrhythmias. Similarly to [Fig. 6](#fig06){ref-type="fig"}, however, the complex model shows the existence of a larger number of 'hot-spots' where the filaments have spent a relatively large amount of time, clustered primarily close to endocardial insertion sites of papillary muscles and larger trabeculations (highlighted by pink arrows). Comparing directly with the analogous plot of [Fig. 6](#fig06){ref-type="fig"}, however, these clustering hot-spots appear to be slightly more numerous and brighter than during tachyarrhythmias. However, we note again that, despite the existence of these slight 'hot-spots', no such anchoring of rotors was visibly identifiable in the arrhythmia movies in Supplemental Material. Furthermore, here we additionally see a large amount of filament clustering on the posterior epicardial surface close to the apex of the complex model near to where the septum joins the free wall. Finally, a similar clustering is seen intramurally, close to the intersection of the septum with the posterior wall witnessed in both models, as in the case of tachyarrhythmias.

![Spatial distribution of the cumulative temporal filament count, within the entire volume of the ventricles, accumulated over all 13 arrhythmia episodes for complex (top) and simple (bottom) models during fibrillatory activity with similar viewing angles as used in [Fig. 6](#fig06){ref-type="fig"}.](tjp0590-4515-f11){#fig11}

Comparison and validation with experimental data
------------------------------------------------

Finally, in this section we bring together the simulated results presented above and provide a detailed comparison with previously reported experimental measurements of arrhythmia dynamics in the rabbit ventricles in order to validate the findings presented. All studies are optical mapping recordings from Langenndorff-perfused rabbit hearts.

### Shock-induction of arrhythmias

The CIs (180--240 ms) used in this study to successfully induce arrhythmias within the computational models fall within the vulnerable window of 80--140% APD reported in a very recent experimental study by [@b30] (for APD \< 170 ms) in addition to other earlier experimental shock-induced arrhythmogenesis investigations which successfully induced arrhythmias with CIs of 130--230 ms ([@b4]). A further means of experimental validation of our results is also shown in the study by Lou *et al*., who report the difficulty in sustaining ventricular arrhythmias in the young healthy rabbit heart without the use of pharmacological interventions, as has also been stated elsewhere in the literature ([@b33]). Less than 30% of shocks induced any form of arrhythmia, and of those \<2% were sustained for more than six beats. The inclusion of the electromechanical uncoupling agent BDM (which the authors show produces an approximate 25% shortening of activation wavelength) increased the inducability and sustainability of the arrhythmias with 30% of induced arrhythmias sustained for more than six beats with BDM (a previous study by the same group showed 37%; [@b12]). These figures closely match our findings: following a 25% reduction in activation wavelength (brought about through reducing CV), we found that 4/13 (30.8%) and 6/13 (46.1%) in complex/simple models were sustained for more than six beats during tachyarrhythmias. Similar to the experimental findings ([@b30]), without such a reduction in CV/activation wavelength, no arrhythmias could be sustained for more than six beats.

### Dynamics of tachyarrhythmias

Little experimental data can be found detailing the dynamics of tachyarrhythmias without the use of any form of pharmacological agent due to the above noted difficulties in sustenance. The study by [@b12] showed that, when BDM is used the number of phase singularities recorded from the anterior epicardial surface was 1.5 ± 0.5 during sustained episodes of ventricular tachycardia (VT); extrapolating to the entire epicardial surface suggests approximately three phase singularities were present in total. An earlier study by [@b20] using the uncoupler diacetyl monoxime (DAM) concluded that one to two surface rotors in total were thought to sustain VT in the rabbit ventricles. Our findings compare favourably with these experimental results as we showed 2.37 ± 0.62/2.37 ± 0.59 epicardial phase singularities occurred during tachyarrhythmia episodes in complex/simple models.

### Dynamics of fibrillatory arrhythmias

As is the case with tachyarrhythmias, little experimental data exists on the dynamics of VF in healthy rabbit hearts, and for those studies which do exist, experimental recordings are limited at measuring only surface activity and thus cannot track or analyse full 3D filament information, which is the main metric used in this study to quantify complexity. Nonetheless, below we have drawn close comparison with the available data.

*Phase singularity numbers*. [@b11] recorded the dynamics of VF in healthy rabbit hearts without the use of any pharmacological uncoupling agent (although it is not clear how this was achieved given the failure of such attempts without pharmacological intervention from other accomplished experimentalists). Interpretation of their results suggests a total of approximately 1.8 surface phase singularities were recorded within their mapping window (stated to be \<40% of the total epicardium), giving a total of approximately 4.5 phase singularities over the total epicardial surface. A later study by [@b29] using the uncoupler Cyto-D reported slightly higher phase singularity counts, seeming to centre around 5 phase singularities within the mapped window (suggesting \<10 over the total epicardium), whilst another study using Cyto-D by [@b21] reported phase singularity counts of close to 1 during short VF (\<10 s) and close to 3 during long VF (\>1 min), suggesting total epicardial counts in the region of 2--6. In all, the phase singularity counts found in our study during fibrillatory activity of 5.65 ± 1.66 and 3.79 ± 2.42 in complex/simplified models, respectively, lie within these experimental ranges. However, we also note that if we restrict our analysis to only those episodes of VF which were fully sustained (\>2.5 s), the mean number of phase singularities found in the two respective models were slightly higher at 6.53 ± 1.04/6.58 ± 1.14 demonstrating a similar increase in VF complexity with duration seen in [@b21]. Finally, the computational modelling study by [@b15] simulated VF dynamics in a histologically derived rabbit ventricular model, and reported a mean number of 6.3 filaments, which is within the range of mean filament numbers reported here in the complex/simplified models. This result demonstrates the similarity in simulated VF dynamics between histologically and MR-derived rabbit ventricular models.

*Rotor lifetimes*. The study by [@b11] also recorded the lifetimes of surface phase singularities, reporting the mean phase singularity lifetime to be 14.7 ms with 51% lasting \<8 ms and 98% lasting \<1 rotation. Although we did not explicitly record phase singularity lifetimes here, the lifetimes of filaments within the simplified model (without intramural structures to alter the dynamics) will be closely correlated to phase singularity lifetimes: we find 54.3% of filaments were sustained \<8 ms with 97.4% lasting less than 1 rotation, which shows a very close agreement with the experimental results of [@b11].

*DF of pseudo-ECGs.* The mean DFs during fibrillatory activity in both models are slightly lower than those reported experimentally where 11.5 ± 3.5 Hz has been considered average ([@b42]) and 12.6 ± 4.0 was reported in [@b11]. However, other studies have reported much lower DFs in the rabbit of \<8 Hz ([@b19]). The lower values in our study could be partially explained by the reduced CV used in our study, reducing activation rate, relative to [@b11], for example. Furthermore, the electrodes used to record the pseudo-ECGs in our set-up were positioned a few millimetres from the epicardial surface, which would act to smooth out the recorded spatial distribution of extracellular potential. This could then be expected to cause a shift in the spectrum to lower frequencies relative to the situation where signals are recorded directly from the epicardial surface as more common experimentally. Finally, in contrast to many experimental reports, we included in our analysis episodes which were not fully sustained which could have acted to lower the mean DFs in both models; we did not have the luxury to induce numerous episodes until a statistically significant number were fully sustained due to the huge computational burden required by each simulation run (as discussed below). For example, in those episodes of fibrillatory activity which were fully sustained, DFs (obtained from the full 2.5 s of activity) of 8--10 Hz were common (in 6/13 fully sustained episodes were in this range), which are within the experimental range above.

Discussion
==========

Our results suggest that the overall dynamics of simulated tachyarrhythmias are very similar in both an anatomically complex computational rabbit ventricular model (containing fine-scale representations of endocardial structures and blood vessels) and in a simplified model lacking such features, as quantified by induced arrhythmia durations, epicardial wavefront/phase singularity counts, pseudo-ECG DFs, local tissue activation rates and importantly visual inspection of surface/intramural wavefront dynamics. During simulated fibrillatory arrhythmias, as activation wavelength was shortened reducing reentrant rotor core size, small differences in such arrhythmia dynamic metrics which quantified arrhythmia maintenance became apparent between models, with the anatomically complex model appearing to exhibit marginally more sustained, complex dynamics. Such conclusions regarding similarities or small differences in arrhythmia dynamics between models, however, are taken in the context of the apparent significantly larger numbers of filaments (and their interaction statistics) witnessed in the complex model, during both tachy- and fibrillatory arrhythmias. We attribute these differences to the interactions of filaments with intramural structures in the complex model. However, due to the closeness of other arrhythmia metrics between models, this does not appear to significantly affect overall dynamics and maintenance. Finally, although in both cases there was some evidence of filament clustering around papillary muscles and trabeculae ridges on the endocardium in the complex model (more so during fibrillation), this was not at all visually apparent in our simulations and much less so than has been witnessed in previous experimental studies performed mainly on larger animal models ([@b46]; [@b26]; [@b56]).

Insight into reentrant arrhythmia dynamics in rabbit and other species
----------------------------------------------------------------------

Recent computational modelling ([@b42]; [@b15]; [@b53]) and experimental optical mapping ([@b25]; [@b11]) findings have shown that VF is characterised by a smaller number of reentrant sources in the rabbit heart, showing strong periodicity, relative to the more complex excitation patterns seen in larger animal hearts such as the pig or dog ([@b56]; [@b24]; [@b53]). Our study closely agrees with these findings, demonstrating that even when cellular ionic dynamics were altered during fibrillatory activity, full 3D analysis of wavefronts and filaments within the volume of the ventricles showed the mean number of reentrant sources driving the arrhythmic activity is still limited at approximately less than 10. We believe that the long total arrhythmia times simulated here, in terms of both the number of different episodes and their duration (2.5 s), further adds significant weight behind these particular findings. Furthermore, despite its apparent complexity, many of the episodes during fibrillatory-like arrhythmias were still seen to show strong elements of organisation, with large wavefronts propagating around repeatable pathways, not witnessed before.

Overall, during simulated tachyarrhythmias, the anatomically complex and simplified models showed remarkably similar arrhythmia dynamics, in terms of both their visual appearance of wavefronts and the quantitative analysis of filament behaviour. In simulations of fibrillatory activity, small differences became noticeable, but still many qualitative and quantitative features which measured arrhythmia maintenance remained similar. Although [Figs 6](#fig06){ref-type="fig"} and [11](#fig11){ref-type="fig"} did appear to show a small degree of filament clustering around endocardial structures such as papillary muscles and trabeculations in the complex model (which was increased slightly during fibrillatory activity), there was little qualitative visual evidence of anchoring or pinning of reentry around such structures both from the still images of [Figs 2](#fig02){ref-type="fig"} and [7](#fig07){ref-type="fig"} and the Supplemental Movies. The overall bi-ventricular geometry of the ventricles seemed to play the most important role in providing reentrant pathways for activation to support reentry. Our simulation results appear to suggest, therefore, that fine-scale anatomical structures may not provide such an important means of stabilising of rotors during arrhythmias in the rabbit heart, as has been reported in previous experimental mapping recordings of swine ([@b26]; [@b55], [@b56]; [@b39]) and dog ([@b46]) preparations. However, our results are in-line with the vast majority of previous experimental recordings from rabbit preparations ([@b25]; [@b19]; [@b11]; [@b61]), which also did not report any apparent anchoring of rotors to anatomical structures. In a very recent study by [@b30], however, a degree of anchoring was seen at the insertion site of the RV and septum, as also witnessed to an extent in our simulations ([Figs 6](#fig06){ref-type="fig"} and [11](#fig11){ref-type="fig"}), although no anchoring to other structures (papillary insertions, vessels, etc.) was reported. Of particular interest are the studies by [@b40] and [@b60] which demonstrate that VF can show anchoring to the papillary muscle insertion site in rabbit ventricles, but only under conditions of reduced excitability. Such a slowing of conduction would correspondingly reduce activation wavelength, similar to that achieved in our study through altering the cellular ionic dynamics to reduce APD, which saw a corresponding slight increase in anchoring ([Fig. 11](#fig11){ref-type="fig"}).

We suggest that the differing evidence for anchoring of rotors during reentrant arrhythmias to assist their sustainment is explained by considering the relative dimension of the rotor itself compared with that of the anatomical obstacle around which it may anchor; the smaller the reentrant rotor source relative to the size of the anatomical structure (papillary muscles, vessels, etc.), the more likely the structure is to act as a stabilising anchor. For example, in the case of larger animal hearts (pigs and dogs), the rotor size is small (they can sustain high numbers of reentrant sources within their volume; [@b42]; [@b53]) and the anatomical structure large, and thus anchoring occurs frequently, as reported ([@b46]; [@b26]; [@b55], [@b56]; [@b39]). Rabbit hearts, however, can contain fewer reentrant sources ([@b15]; [@b53]), and thus the rotors are relatively large compared to the (relatively physically smaller) anatomical structures. However, when activation wavelength is reduced (through changes in conduction as shown experimentally ([@b61]; [@b40]), or APD as shown here), the rotor dimension is reduced, reducing the relative size of the rotor to the obstacle, and anchoring becomes more likely. Finally, it is also interesting to note that such reductions in excitability (which correspondingly reduce rotor size) can also be the result of pathological changes ([@b59]), in which case anchoring may be thought to play an increasingly important role in the rabbit ventricles.

Validation with previous experimental studies
---------------------------------------------

We have demonstrated in the section *Comparison and validation with experimental data* that the fundamental arrhythmia induction protocols and dynamical behaviour during the induced simulated arrhythmias match closely to previous experimental reports during both ventricular tachy- and fibrillatory arrhythmias. Given that our computational model(s) was also constructed directly from high-resolution (25 μm resolution) MR data ([@b7]) and a highly biophysically detailed experimentally derived rabbit ventricular myocyte model of cellular dynamics ([@b32]) was embedded within it, we can have a degree of confidence in the conclusions drawn from this study regarding the dynamics of arrhythmia maintenance in the rabbit ventricles and their relation to anatomical features. However, it is important to note that arrhythmia dynamics are known to vary with specific pharmacological interventions, an interesting issue which we suggest as an avenue of future study.

Utility of anatomically detailed models for studying reentrant dynamics
-----------------------------------------------------------------------

Throughout the analysis of both the simulated tachy- and fibrillatory arrhythmias, one anomaly existed in the quantification of filaments between the two models. Even during tachyarrhythmias, where no significant differences were witnessed in almost all other metrics, the complex model consistently gave significantly higher number of filaments, with shorter lengths and higher interaction rates. Importantly, however, in both arrhythmia cases the maximum filament lifetimes were similar in both models. We believe that the existence of intramural 'holes' represented by vessels and extracellular cleft spaces within the anatomically complex model may have caused filaments to temporarily 'break-up' as they pass over these discontinuities, causing the filament detection algorithm to record higher numbers of shorter filaments which interact more frequently.

However, this did not appear to affect the overall complexity of the arrhythmia, as defined by all other metrics similar in both models, which appears to be governed more by overall bi-ventricular geometry/size and activation wavelength. We thus suggest a level of caution in the sole use and interpretation of filament detection algorithms in similar models with high levels of intramural complexity in future studies.

An important consequence of the suggestion from our simulations that fine-scale anatomical details generally may not play a significant role in the maintenance of arrhythmias in the healthy rabbit heart is in relation to the necessary level of detail required in experimental imaging and model generation endeavours used for mechanistic enquiry regarding arrhythmia maintenance. For arrhythmia investigations in the rabbit, our conclusions suggest that the main requirement of imaging modalities used for model generation is that they faithfully resolve the overall bi-ventricular geometry. Finer-scale, more detailed structures appear to be of lesser importance to resolve in images and incorporate in subsequent models. This knowledge may then, in turn, guide the resolution of imaging data required from experimentalists, minimising both imaging time and equipment requirements, in addition to post-processing model generation and computational simulation demands ([@b47]). This is particularly important in the analysis of cardiac arrhythmias as the need to perform simulations of significantly long durations means that any increase in computational load from more detailed models must be justified.

Implications for future clinical modelling investigations
---------------------------------------------------------

Despite known similarities in electrophysiological 'effective size' (which quantifies the ratio of electrical activation wavelength to physical ventricle size; [@b42]) between the rabbit and human, significant inter-species differences, particularly at the single cell level in action potential morphology, still exist. Consequently, the findings from this particular study cannot be directly extrapolated to shed light on human arrhythmia mechanisms. However, our study does describe a detailed computational modelling approach which could, in future investigations, be applied to high resolution human data to probe a similar question in clinical arrhythmia mechanisms. Specifically, a similar approach could be used to assess whether the relatively lower resolution standard clinical imaging data-sets (MR, CT), which on-the-whole cannot fully resolve fine-scale endocardial and intramural features, are adequate for model generation geared towards human arrhythmia investigations ([@b37],[@b38]). This is a very important question, as maintaining fine-scale heterogeneities would be in keeping with the 'personalisation' of models and importantly will remove the simplification problem (i.e. where to define the 'endocardial surface') which can introduce significant bias. On the other hand, keeping such a high level of detail would also require higher-resolution imaging than is currently available in current standard clinical settings as well as significantly increase computational demands associated with model construction and simulation, meaning that using such detailed models within a clinical work-flow would be significantly more challenging.

Study limitations
-----------------

Despite the use of HPC facilities and leading cardiac electrophysiology simulation environments, the simulations of arrhythmia episodes in this study represented an immense computational challenge. Although 2.5 s of activity took approximately 10 h to compute on 32 cores, the most significant challenge was the analysis, storage and curation of the resulting data files each of which occupied up to 50 Gb of storage. We were therefore not able to fully explore all of the parameter space relating to parameters which may alter the complexity and dynamics of the simulated arrhythmias, but instead chose just two sets which were used to produce tachy- and fibrillatory arrhythmias. In addition, the method of shock induction of arrhythmias was limited to the S1S2 protocol described in the Methods and thus, again due to computational considerations, it was not feasible to explore a variety of different arrhythmia initiation protocols. This may have been of more importance during tachyarrhythmias, as during fibrillatory arrhythmias the activity rapidly became less organised and so the means of initiation might play less of a role.

Although the anatomically complex model does represent an unprecedented amount of fine-scale structural detail ([@b7]), it does not currently represent electrophysiological heterogeneities, electromechanical coupling, histologically based microscopic structure or the Phase singularity, which may indeed impact the dynamics of the simulated arrhythmias. Recent simulation studies which incorporated the Phase singularity suggested that the Phase singularity does play an important role in prolonged post-shock VT, but is of lesser importance in shock-induced arrhythmogenesis and during the early phases of VT ([@b16]). In addition, we have only assigned myocardial cell types to the tissue represented within the model. In certain structures, for example some endocardial structures, the existence of non-myocytes could impact conduction in these regions; future investigation could therefore involve fully characterising these non-myocyte distributions throughout the ventricles and assessing their impact on electrical dynamics in light of the findings presented here. Furthermore, although the myocardial fibre orientation has been assigned within the model using a rule-based method based upon histologically and DTMRI-derived knowledge of fibre structure ([@b7]), its microscopic representation of fibre architecture around blood vessels ([@b6]) may not be entirely faithful, which could explain the complete lack of anchoring around vessels seen here. However, a recent study showed that the presence of fibre negotiation around vessels in fact attenuates conduction slowing around the obstacle ([@b18]), suggesting anchoring would be less likely with smooth fibre negotiation. Although a specific feature of the rule-based approach for fibre direction assignment was the representation of an abrupt change in fibre angle at the insertion site of papillary muscles, it is possible that this change was too heavily smoothed by the algorithm, meaning conduction slowing in this region of our model is less pronounced and anchoring of filaments is not as likely as perhaps expected.
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